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Summary
Neurons are polarized cells that contain distinct sets
of proteins in their axons and dendrites. Synaptic
vesicles (SV) and many SV proteins are exclusively lo-
calized in the presynaptic regions but not in dendrites.
Despite their fundamental importance, the mecha-
nisms underlying the polarized localization of SV pro-
teins remain unclear. The transparent nematode Cae-
norhabditis elegans can be used to examine sorting
and transport of SV proteins in vivo. Here, we identify
a novel protein kinase LRK-1, a C. elegans homolog of
the familial Parkinsonism gene PARK8/LRRK2 that is
required for polarized localization of SV proteins. In
lrk-1 deletion mutants, SV proteins are localized to
both presynaptic and dendritic endings in neurons.
This aberrant localization of SV proteins in the den-
drites is dependent on the AP-1 m1 clathrin adaptor
UNC-101, which is involved in polarized dendritic
transport, but not on UNC-104 kinesin, which is re-
quired for the transport of SV to presynaptic regions.
The LRK-1 proteins are localized in the Golgi appara-
tus. These results suggest that the LRK-1 protein
kinase determines polarized sorting of SV proteins
to the axons by excluding SV proteins from the
dendrite-specific transport machinery in the Golgi.
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30912.Results and Discussion
C. elegans LRK-1 Is Homologous to the Familial
Parkinsonism Gene PARK8/LRRK2
Parkinson’s disease (PD) is the most common motor
neurodegenerative disorder. The LRRK2/PARK8 gene
has been recently identified as a causative gene for au-
tosomal dominant PD [1, 2]. The LRRK2 protein belongs
to the ROCO family of complex proteins and contains
the following five domains in order: leucine-rich repeats,
a Roc (Ras in complex proteins) domain that belongs to
the Ras GTPase superfamily, a COR (C-terminal of Roc)
domain, a MAPKKK-like kinase domain, and WD-40
repeats (Figure 1A). To address the question of how
LRRK functions in a whole organism, we have under-
taken a genetic analysis of LRRK function by using
C. elegans as a model system. C. elegans contains
only one lrk-1 gene encoding an LRRK-like protein (Fig-
ure 1A). We determined the expression pattern of lrk-1
by using a green fluorescent protein (GFP) fusion
(lrk-1N::gfp) (Figure 1B) and found that LRK-1N::GFP
was expressed in many tissues, including neurons,
hypodermis, muscles, and intestine (Figure 1C). We
generated two deletion mutants of the lrk-1 gene
(Figures 1A and 1B). Both deletions would result in
truncated proteins that were likely to abolish the gene’s
function. Worms carrying these mutations exhibited
subtle defects in movement and were partially defective
in chemotaxis to volatile odorants (data not shown).
However, as reported below, we also found that LRK-1
was required for polarized SV localization.
LRK-1 Regulates Axonal-Dendritic Polarity
of SV Localization
To visualize SV localization in live animals, we used
a fluorescently tagged SV marker composed of the
C. elegans VAMP2/synaptobrevin protein fused to GFP
(SNB-1::GFP) [3] under the control of the flp-13promoter
[4]. In head sensory neurons of adult wild-type animals,
the SNB-1::GFP protein was localized strictly to the
axonal regions but not to dendritic processes (Fig-
ure 2A). In lrk-1(km17) mutants, the SNB-1::GFP
marker was localized to dendritic endings as well as
the axonal processes (Figure 2B; see Table S1 in the
Supplemental Data available online). A similar pheno-
type was observed in lrk-1(km41) mutants (Table S1).
For a control, we examined animals expressing the
flp-13p::gfp transgene, in which GFP is expressed
from the flp-13 promoter and found no morphological
neural abnormalities in lrk-1 mutants (Figures S1A and
S1B). Furthermore, the lrk-1 mutation did not affect
expression levels of SNB-1::GFP (Figure 2I). Thus,
changes in the localization pattern in lrk-1 mutants are
not the result of alterations in the transcription or trans-
lation of SNB-1::GFP.
To confirm whether the mutant phenotype is caused
by the lrk-1 mutation, we constructed a flp-13p::lrk-1
transgene expressing the lrk-1 cDNA from the flp-13
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593Figure 1. Structure of LRK-1
(A) Comparison of LRK-1 proteins. Schematic diagrams of C. elegans LRK-1 and human LRRK2/PARK8 proteins are shown. Domains are shown
as follows: leucine-rich repeats (LRR), a Roc domain, a COR domain, a MAPKKK-like kinase domain, and WD40 repeats. The sequence alignment
of LRRK2 and LRK-1 around the PARK8 (I2020T) mutation site is shown. Identical and similar residues are highlighted with black and gray
shading, respectively. The arrow indicates the Ile-2020 residue of LRRK2.
(B) Genomic structure of lrk-1. Exons and introns are indicated by boxes and lines, respectively. Bold lines underneath indicate the extent of the
deleted region in each deletion mutant. The structure of the lrk-1N::gfp fusion gene is also shown.
(C) Expression pattern of the lrk-1N::gfp fusion gene. LRK-1N::GFP was expressed in head neurons (left panel, arrow; neuronal cell bodies), the
ventral nerve cord (right panel, filled-in arrowhead), hypodermis (right panel, asterisks), and intestine (right panel, empty arrowhead). Images are
confocal Z series projected into a single plane. The anterior is on the left. Scale bars represent 10 mm.promoter. In transgenic lrk-1 mutants harboring the
flp-13p::lrk-1 transgene, most animals expressed the
SNB-1::GFP marker that showed exclusive localization
to the axonal processes, but not to dendritic processes,
in head sensory neurons (Table S1). To address the
biological importance of LRK-1 kinase activity, we
generated LRK-1(K1726A), a kinase-inactive form of
LRK-1, in which Lys-1726 in the ATP-binding domain
has been mutated to Ala. When the lrk-1(K1726A) gene
was expressed from the flp-13 promoter in lrk-1
mutants, we observed no rescue of SNB-1::GFP misloc-
alization (Table S1). These results suggest that the
kinase activity of LRK-1 is crucial to its function in deter-
mining polarized SNB-1 localization in neurons. In hu-
mans, several mutations in the LRRK2/PARK8 gene
have been identified in patients with familial Parkinson-
ism [1, 2]. We introduced one of these mutations,
lrk-1(I1877T), into the lrk-1 transgene (Figure 1A). The
lrk-1(I1877T) mutation was able to rescue the lrk-1 mu-
tant phenotype (Table S1). These results suggest that
the lrk-1(I1877T) mutation may be a gain-of-function
mutation possessing wild-type lrk-1 activity. Consistent
with this interpretation, the LRRK2 mutants associated
with Parkinson disease possess augmented kinase
activity [5–8].
To verify that the mislocalization of SNB-1::GFP in lrk-1
mutants was not restricted to this particular transgene
marker, we examined the distribution of the sng-1 gene,
encoding the C. elegans SV protein synaptogyrin [9],
fused to GFP and expressed from the flp-13 promoter.
In wild-type animals, this SNG-1::GFP marker was local-
ized to the presynaptic regions of adult head neurons(Figure 2C). However, in lrk-1 mutants, the SNG-1::GFP
marker was mislocalized to dendritic endings
(Figure 2D and Table S1). To determine whether endog-
enous SV proteins were regulated similarly, we stained
animals carrying flp-13p::sng-1::gfp with antibodies to
SNB-1. Endogenous SNB-1 was not localized in den-
drites in wild-type animals (Figures 2E and 2G). In con-
trast, in lrk-1 mutants, endogenous SNB-1 accumulated
in the same dendritic endings where SNG-1::GFP accu-
mulated (Figures 2F and 2H). To determine whether lrk-1
mutants exhibit a general defect in protein sorting, we
examined the localization of a dendritic protein, the
odorant receptor ODR-10 [10]. When ODR-10::GFP
expressed from the str-1 promoter, GFP was found to
be localized to the cilia on dendrites of AWB olfactory
neurons (Figure S1C). This localization was not affected
by the lrk-1mutation (Figure S1D). Taken together, these
results suggest that LRK-1 specifically controls the
localization of SV proteins.
We also examined the localization of SNB-1::GFP and
SNG-1::GFP in DD motor neurons. At the first-stage (L1)
larvae, DD neurons form synapses to ventral body-wall
muscles [11]. In wild-type animals, SNB-1::GFP and
SNG-1::GFP markers were localized along the presyn-
aptic ventral processes but not in postsynaptic dorsal
processes in L1 DD neurons (Figures S2A and S2C).
However, in lrk-1 mutant L1s, SNB-1::GFP and
SNG-1::GFP were localized along not only the ventral
DD processes but also the dorsal DD processes (Figures
S2B and S2D; Table S2). In contrast, a functional post-
synaptic GABA receptor marker, UNC-49B::GFP [12],
was localized only along the ventral cord in wild-type
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594Figure 2. The Effect of the lrk-1 Mutation on Localization of SV Proteins
(A–H) Localization of SV proteins in adult amphid sensory neurons. The dendritic endings and axonal processes of these neurons are indicated by
arrowheads and squares, respectively. In lrk-1(km17)mutants, SNB-1::GFP (B), SNG-1::GFP (D), and endogenous SNB-1 (F) were mislocalized to
the dendritic endings of these neurons. Expression of SNB-1::GFP and SNG-1::GFP were also observed in pharyngeal neurons (indicated by
arrows) and some unidentified neurons. Images shown in (A) and (B) are confocal Z series projected into a single plane. The anterior is on the
left for all panels. Scale bars represent 10 mm.
(I) Immunoblotting of SNB-1. Whole extracts were prepared from worms carrying the indicated transgenes. The upper panel shows immunoblot-
ting with SNB-1 antibody. Positions of SNB-1::GFP and endogenous SNB-1 are indicated by arrows. The lower panel shows immunoblotting with
tubulin antibody as a loading control.L1 animals, and mutations in lrk-1 did not affect this
localization (Figures S2E and S2F). This suggests that
LRK-1 affects the transport or sorting of SV components
but not the formation of functional dorsal synapses in
the DD neurons.Genetic Interactions of lrk-1 with syd-1, sad-1,
unc-101, and unc-104 with Regard to Polarized
SV Localization
Mutations in the syd-1 and sad-1 genes affect the axon-
dendrite polarity of SV proteins [13–15]. The syd-1 and
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595Figure 3. The Effects of syd-1, sad-1, unc-104, and unc-101 Mutations on SV Localization and lrk-1 Phenotypes
Localization of SNB-1::GFP (A–F) and SNG-1::GFP (G and H) in adult amphid sensory neurons of indicated worms are shown. syd-1 and sad-1
mutants showed SNB-1::GFP puncta in dendritic processes (indicated by yellow arrows). The unc-104mutation induced SNB-1::GFP retention in
cell bodies (indicated by bold arrows). Axonal processes and dendritic endings are indicated by squares and arrowheads, respectively. All
images are confocal Z series projected into a single plane. The anterior is on the left. Scale bars represent 10 mm.sad-1 genes encode a Rho GAP-like molecule and a ser-
ine/threonine protein kinase, respectively. To determine
whether LRK-1, SYD-1, and SAD-1 function in the same
pathway to control neuronal polarity, we compared the
phenotypes of lrk-1 mutants with those of syd-1 and
sad-1 mutants. When the flp-13p::snb-1::gfp transgene
was expressed in syd-1(ju82) or sad-1(ky289) animals,
the SNB-1::GFP marker was found in both axonal and
dendritic processes of adult head sensory neurons.
However, SNB-1::GFP in these mutants did not accumu-
late in the dendritic endings (Figures 3A and 3B). In L1
DD neurons, syd-1 and sad-1 mutations resulted in the
appearance of SNB-1::GFP punctate along the dorsalprocesses (Figures S3C and S3D). These mutations
also caused mislocalization of UNC-49B::GFP in L1
DDs [13, 15], whereas the lrk-1 mutation did not affect
UNC-49B::GFP localization (Figure S2F). Consistent
with this observation, the syd-1 and sad-1 mutations
enhanced dorsal mislocalization of SNB-1::GFP in lrk-1
mutant L1s (Figures S3E and S3F). These results sug-
gest that LRK-1 regulates axon-dendrite polarity in
a manner different from SYD-1 or SAD-1.
In C. elegans, transport of SV components from the
cell body to axonal termini requires the unc-104 gene,
which encodes the C. elegans homolog of KIF1A kinesin
[16, 17]. In unc-104(e1265) mutants, SNB-1::GFP was
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596Figure 4. Function and Localization of LRK-1
(A) Time-lapse microscopy of SNB-1::GFP. Time-lapse images of SNB-1::GFP fluorescence around the dendritic tip of head sensory neurons in
unc-104(e1265) mutants (left panels) and lrk-1(km17); unc-104(e1265) double mutants (right panels) are shown. Each photo was taken at 1.2 or
1.5 s intervals. Closed arrowheads indicate accumulated SNB-1::GFP in dendritic endings, and open arrowheads indicate the corresponding
sites. SNB-1::GFP vesicles are indicated by arrows. The anterior is on the left. Scale bars represent 5 mm.
(B) Localization of LRK-1. LRK-1::VENUS and Golgi-marker MIG-23::CFP were expressed under the flp-13 promoter in head neurons. The
merged image is shown in the right panel. Unlike vertebrate cells that contain one large juxtanuclear Golgi stack, most invertebrate cells
such as those inC. elegans instead contain a number of small Golgi stacks per cell, with the individual spots dispersed throughout the cytoplasm.
The scale bar represents 5 mm.
(C) Schematic model of LRK-1 function in neurons.
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597primarily restricted to cell bodies of adult head sensory
neurons (Figure 3C) and L1 DD neurons (Figure S2G). By
contrast, in lrk-1(km17); unc-104(e1265) double mu-
tants, SNB-1::GFP was greatly diminished in the axonal
processes but was still mislocalized to dendritic endings
of head sensory neurons (Figure 3D and Table S3) and
along the dorsal processes of L1 DD neurons
(Figure S2H). Thus, the mislocalization of SV proteins
to dendritic processes observed in lrk-1 mutants is not
mediated by UNC-104 kinesin.
To assess how SNB-1::GFP might be transported into
dendrites, we assayed the movement of SNB-1::GFP in
head sensory neurons of lrk-1(km17);unc-104(e1265)
double mutants by using time-lapse fluorescence
microscopy. Rapid transport of SNB-1::GFP from the
cell body to dendritic endings was not observed in
unc-104 mutants (Figure 4A, left). However, we found
that SNB-1::GFP was capable of rapid movement toward
the dendritic endings in lrk-1;unc-104 double mutants
(Figure 4A, right). The speed of vesicle movement ranged
0.4–3.6 mm/s. Anterograde vesicles moved at a mean
rate of 1.8 6 0.7 mm/s (n = 16). Thus, the rate of UNC-
104-independent SNB-1::GFP movement to dendrites
was comparable to motor-protein-driven transport
(0.5–5.0 mm/s) [18]. These results suggest that in the ab-
sence of LRK-1, SV proteins are transported to dendrites
by another transport system, which is not usually used
for the transport of SV proteins in wild-type animals.
The unc-101 gene, which encodes a m1 subunit of the
AP-1 clathrin adaptor complex, is required for the trans-
port of odorant receptors but not of SV proteins in the
sensory neurons of worms [19]. In unc-101(m1) mutants,
SNB-1::GFP showed normal polarized localization in
adult head sensory neurons (Figure 3E) and L1 DD
neurons (Figure S2I). In lrk-1(km17) unc-101(m1) double
mutants, SNB-1::GFP was also not detected in dendritic
endings of head sensory neurons (Figure 3F and Table
S3) or dorsal processes of L1 DD neurons (Figure S2J
and Table S2), but it was normally localized in axonal
processes of these neurons. Similarly, in lrk-1 unc-101
double mutants, SNG-1::GFP was not mislocalized to
dendritic endings in head sensory neurons (Figure 3H
and Table S1). When pJL2 plasmid containing the
unc-101 gene [20] was reintroduced into lrk-1 unc-101
double mutants, the SNB-1::GFP marker was mislocal-
ized in dendritic endings of head sensory neurons (Table
S3). Thus, UNC-101 contributes to the transport of SV
proteins to dendrites in lrk-1 mutants.
We next determined the intracellular localization of
LRK-1 by using an lrk-1::venus fusion gene from the
flp-13 promoter (flp-13p::lrk-1::venus). Expression of
LRK-1::VENUS was found to rescue the lrk-1 mutant
phenotype (Table S1). In lrk-1(km41) mutants carrying
the flp-13p::lrk-1::venus, we detected LRK-1::VENUS
only in cell bodies but not in dendritic or axonal pro-
cesses of adult head neurons. LRK-1::VENUS protein
showed a pattern of punctate cytoplasmic staining,
similar to that observed in the Golgi marker MIG-23::CFP
[21] (Figure 4B). We found that LRK-1::VENUS colocal-
ized extensively with MIG-23::CFP (Figure 4B), suggest-
ing that the LRK-1 protein is localized to the Golgi appa-
ratus.
Our results raise the possibility that the LRK-1 protein
kinase functions on the trans-Golgi network (TGN) toexclude SV proteins from the dendrite-specific transport
mechanism mediated by the AP-1 clathrin adaptor
complex (Figure 4C). The loss of LRK-1 causes SV pro-
teins to enter the UNC-101-dependent vesicle-sorting
pathway, which delivers cargos to the dendritic mem-
brane. Thus, LRK-1 may control the selectivity of AP-1
for specific cargos so that SV proteins can be excluded.
In humans, mutations in LRRK2/PARK8 cause familial
Parkinsonism [1, 2]. Several other genes are also known
to be involved in Parkinson’s disease, and these include
genes for synphilin-1 and a-synuclein, which are known
as SV-binding proteins and are also enriched in Lewy
bodies, pathogenic structures in the brains associated
with Parkinson’s disease [22, 23]. Thus, we may specu-
late that LRK-1/LRRK2 proteins regulate the proper
localization of SV proteins in both C. elegans and
humans. Further analysis of LRK-1 function will be
important for understanding the relationship between
LRK-1/LRRK2 and SV proteins in neurons.
Supplemental Data
Supplemental Data include Experimental Procedures, three figures,
and four tables and are available with this article online at http://
www.current-biology.com/cgi/content/full/17/7/592/DC1/.
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